J Clin Invest. 2015;125(8):3241-3255. https://doi.org/10.1172/JCI81532. Direct delivery of aerosolized vaccines to the respiratory mucosa elicits both systemic and mucosal responses. This vaccine strategy has not been tested for Ebola virus (EBOV) or other hemorrhagic fever viruses. Here, we examined the immunogenicity and protective efficacy of an aerosolized human parainfluenza virus type 3-vectored vaccine that expresses the glycoprotein (GP) of EBOV (HPIV3/EboGP) delivered to the respiratory tract. Rhesus macaques were vaccinated with aerosolized HPIV3/EboGP, liquid HPIV3/EboGP, or an unrelated, intramuscular, Venezuelan equine encephalitis replicon vaccine expressing EBOV GP. Serum and mucosal samples from aerosolized HPIV3/EboGP recipients exhibited high EBOV-specific IgG, IgA, and neutralizing antibody titers, which exceeded or equaled titers observed in liquid recipients. The HPIV3/EboGP vaccine induced an EBOV-specific cellular response that was greatest in the lungs and yielded polyfunctional CD8 + T cells, including a subset that expressed CD103 (aE integrin), and CD4 + T helper cells that were predominately type 1. The magnitude of the CD4 + T cell response was greater in aerosol vaccinees. The HPIV3/EboGP vaccine produced a more robust cell-mediated and humoral immune response than the systemic replicon vaccine. Moreover, 1 aerosol HPIV3/EboGP dose conferred 100% protection to macaques exposed to EBOV. Aerosol vaccination represents a useful and feasible vaccination mode that can be implemented with ease in a filovirus disease outbreak situation.
Introduction
Ebola virus (EBOV) is a member of the family Filoviridae, which causes in humans and nonhuman primates (NHPs) the most severe hemorrhagic fever known, with a case fatality rate in most human outbreaks ranging from 47% to 88% (1, 2) and in NHPs close to 100% (3) . Studies with NHPs suggest that aerosols of most biothreat agents, such as EBOV, are infectious (4) and that the virus can be transmitted though biological fluid droplets (5) , fomites, and self-inoculation through contact (6) . A recent study utilizing the guinea pig model demonstrated that contact with EBOV through mucosal surfaces of the respiratory tract results in respiratory infection (7) . These observations suggest that respiratory tract mucosa may be an important portal of entry for EBOV, although more studies are required to clarify the issue (8) , and emphasize the importance of immune protection of the respiratory tract. A noninvasive needle-free respiratory tract vaccine against EBOV therefore presents certain advantages. Immunization will not require trained medical personnel, making it particularly useful in areas of Africa that lack adequate infrastructure, where most EBOV disease outbreaks occur. Immunization or infection via the respiratory tract results in antigen presentation by mucosal respiratory dendritic cells, phenotypically and functionally distinct from those found in the spleen (9, 10) , to antigen-specific T lymphocytes localized in the respiratory tract, which are not significantly released into circulation (11, 12) . These lungresident T cells are phenotypically different and are more activated in response to respiratory viruses than their peripheral blood counterparts specific for the same virus (11) , thus providing additional protection against infection through the respiratory tract.
Previous preclinical studies by ourselves (13) and others (14) have demonstrated that mucosal respiratory tract vaccination efficiently induces both mucosal and systemic immune responses. The only approved respiratory vaccine in the US is FluMist (15) . Studies on the induction of the mucosal immune responses in the lung in convenient experimental animals such as the mouse are not necessarily predictive for humans due to fundamental differences in immune regulation (16, 17) . Therefore, it is essential to focus on humans or NHPs. The mucosal cell-mediated responses to respiratory tract vaccinations or viral infections can only be reliably evaluated by ex vivo analysis of lymphocytes isolated from the lung tissue (11) and remain poorly characterized. To our knowledge, only one study utilized human lung biopsy material to demonstrate that the relative enrichment of differentiated influenza A-and respiratory syncytial virus-specific memory CD8 + T lymphocytes in human lung tissues exceeded that in the peripheral blood by as much as 20-and 15-fold, respectively (11) .
Previously, we developed a human parainfluenza virus type 3-based replication-competent vaccine (HPIV3/EboGP) that expresses the envelope glycoprotein (GP) of EBOV, isolate Mayinga (GenBank AAG40168.1) (18) . The GP protein was packaged Direct delivery of aerosolized vaccines to the respiratory mucosa elicits both systemic and mucosal responses. This vaccine strategy has not been tested for Ebola virus (EBOV) or other hemorrhagic fever viruses. Here, we examined the immunogenicity and protective efficacy of an aerosolized human parainfluenza virus type 3-vectored vaccine that expresses the glycoprotein (GP) of EBOV (HPIV3/EboGP) delivered to the respiratory tract. Rhesus macaques were vaccinated with aerosolized HPIV3/EboGP, liquid HPIV3/EboGP, or an unrelated, intramuscular, Venezuelan equine encephalitis replicon vaccine expressing EBOV GP. Serum and mucosal samples from aerosolized HPIV3/EboGP recipients exhibited high EBOVspecific IgG, IgA, and neutralizing antibody titers, which exceeded or equaled titers observed in liquid recipients. The HPIV3/ EboGP vaccine induced an EBOV-specific cellular response that was greatest in the lungs and yielded polyfunctional CD8 + T cells, including a subset that expressed CD103 (αE integrin), and CD4 + T helper cells that were predominately type 1. The magnitude of the CD4 + T cell response was greater in aerosol vaccinees. The HPIV3/EboGP vaccine produced a more robust cell-mediated and humoral immune response than the systemic replicon vaccine. Moreover, 1 aerosol HPIV3/EboGP dose conferred 100% protection to macaques exposed to EBOV. Aerosol vaccination represents a useful and feasible vaccination mode that can be implemented with ease in a filovirus disease outbreak situation.
Aerosolized Ebola vaccine protects primates and elicits lung-resident T cell responses nonreplicative intramuscular (i.m.) Venezuelan equine encephalitis virus replicon particle (VRP) vaccine expressing EBOV GP (25) . This included comparisons between tissue-resident T cell responses in the lungs and spleen and peripheral blood T cells. A single vaccination with aerosol HPIV3/EboGP was sufficient to protect rhesus macaques against the death and severe disease caused by lethal EBOV infection.
Results

Study 1
Systemic and mucosal antibody-and cell-mediated responses to aerosol vaccination. Study 1 was designed to compare the EBOV-specific mucosal and systemic antibody and cell-mediated responses in rhesus macaques induced by respiratory tract vaccination with HPIV3/EboGP delivered as an aerosol or as a liquid or i.m. delivery of VRP expressing EBOV GP (ref. 25 and Figure 1A ). Groups of rhesus macaques received 2 doses of HPIV3/EboGP or the control empty HPIV3 vector (wild-type virus) by i.n./i.t. delivery at 10 7.3 PFU per site in the form of a liquid. While aerosol particles less than 3 μM in diameter readily penetrate the small airways (26) , the recipients of aerosolized HPIV3/EboGP received a 10-fold higher dose of the vaccine to account for a 10% delivery efficiency of aerosol particles to the lower respiratory tract in primate models due to small lung size and shallow breathing patterns (27, 28) further exacerbated by anesthesia during vaccination (26) . The VRP group was vaccinated by 2 sequential s.c. injections of 10 10 infec-into the vector particle and was functional in mediating infection of the respiratory tract, but did not alter the tropism of the vaccine virus (18) (19) (20) . Rhesus macaques were protected against a lethal dose of EBOV when 2 successive liquid doses of the vaccine were administered using the combined intranasal and intratracheal (i.n./i.t.) instillation procedure (21) . Meanwhile, aerosolized delivery has never been tested for our vaccine or any other viral hemorrhagic fever vaccine. Vaccine aerosolization through the use of portable, disposable nebulizers may be the most practical, convenient, and effective way to use our mucosal vaccine, enabling delivery to the lower respiratory tract. Lung-resident CD8 + T lymphocytes may be of paramount importance for protection against EBOV transmission via the respiratory mucosa, as in the case of natural outbreaks, or if used as an aerosolized weapon for bioterrorism and biological warfare (22) , and CD4 + T lymphocytes in lung tissues are important for activation of systemic and mucosal antibody responses. Other EBOV vector-based vaccine systems demonstrate that both cellular and humoral immunity may contribute to protection against EBOV infection (23, 24) . Our previous study primarily quantified local and systemic antibody responses. The lung-resident T lymphocyte response induced by our respiratory tract vaccine and the balance between mucosal and systemic responses have not been previously analyzed.
The present study comprehensively characterizes the systemic and mucosal immune responses generated by vaccination with HPIV3/EboGP delivered to the respiratory tract as an aerosol or liquid. Direct comparisons were made with the protective, Groups of rhesus macaques were vaccinated with HPIV3/EboGP as an aerosol (n = 4; green) or a liquid via the i.n./i.t. (n = 4; red) route, the empty HPIV3 vector control (n = 2; black), or the VRP vaccine by the i.m. route (n = 4; blue). Twenty-eight days after the first dose, all NHPs received a second dose of their respective vaccine. On day 56, NHPs were euthanized and mononuclear cells were extracted. (B) Study 2: testing of protective efficacy. Groups of rhesus macaques were vaccinated with 1 (n = 4; purple) or 2 doses (n = 4; green) of aerosolized HPIV3/EboGP, 2 doses of liquid HPIV3/EboGP (n = 2; red), or HPIV3 control (n = 2; black). Fiftyfive days after vaccination, NHPs were infected with EBOV. At the end of the study, surviving animals were euthanized and terminal bleed samples were collected. Over the course of the 2 studies, serum and BAL samples were collected on indicated days. avidity antibodies were generated by the respiratory vaccine. The VRP group displayed a more heterogeneous antibody off-rate profile. The second vaccine dose did not alter the dissociation rates of antibodies from HPIV3/EboGP-vaccinated animals. In contrast, the dissociation rate of antibodies from each VRP-vaccinated animal was reduced, with 3 out of 4 animals exhibiting rates equal to those observed in HPIV3/EboGP-vaccinated animals.
Testing of the ability of sera to neutralize EBOV in vitro demonstrated comparable neutralizing titers in animals vaccinated with either forms of HPIV3/EboGP, which reached high levels after dose 1 (mean titers 1:460 and 1:250 for aerosolized and liquid forms, respectively) and were only slightly increased after dose 2 ( Figure 3A ). Following vaccination with VRP, neutralizing titers were low after dose 1, but increased to levels comparable to those in HPIV3/EboGP-vaccinated animals after dose 2. Taken together, these data suggest that vaccination with aerosolized HPIV3/ EboGP induces systemic antibody responses comparable to those after respiratory vaccination with liquid HPIV3/EboGP. The data also show that following dose 1, the antibody response to HPIV3/ EboGP was greater in magnitude and avidity than that to VRP.
Two vaccine doses induce neutralizing antibodies against heterologous EBOVs. The breadth of the antibody response was determined by the ability to cross-neutralize EBOVs Bundibugyo (BDBV) and Sudan (SUDV). Following dose 1, only 1 HPIV3/EboGP liquid and 1 VRP recipient demonstrated detectable BDBV-neutralizing titers of 1:33 and 1:15, respectively. However, after dose 2, comparable titers were achieved in most animals from all vaccine groups (Figure 3B) . In contrast to BDBV, SUDV-neutralizing antibodies were detected in most animals after dose 1 and in all animals except 2 liquid HPIV3/EboGP recipients after dose 2 ( Figure 3C ). Compared with the HPIV3/EboGP vaccine, 2 doses of VRP yielded markedly higher BDBV-and SUDV-neutralizing titers. Taken together, these data suggest that antibody cross-neutralization is stronger following administration of 2 vaccine doses and that the breadth of the response has considerable animal-to-animal variability.
Respiratory vaccination induces mucosal antibodies in the respiratory tract. To analyze mucosal antibody responses in the respiratory tract, concentrated BAL collected from animals vaccinated tious units of the construct, the optimal regimen protective against EBOV exposure in cynomolgus macaques (ref. 29 , G.G. Olinger, unpublished observations); in recent studies, accelerated protection of cynomolgus macaques after a single dose was achieved (30) . To analyze the systemic and mucosal antibody responses, we collected the serum separated from peripheral blood and bronchoalveolar lavages (BAL), respectively, from all animals, with the exception of BAL from those in the VRP vaccine group, which were not expected to develop a respiratory mucosal antibody response. Animals were euthanized on day 56, and mononuclear cells were isolated from the lung and spleen tissues and blood to determine response differences from lung-residing T cells versus T cells from the periphery based on route of vaccination and type of vaccine.
Aerosol vaccination induces the robust systemic antibody responses. Analysis of antibody responses by ELISA demonstrated detectable titers of EBOV-specific IgG and IgA in animals vaccinated with HPIV3/EboGP in a liquid or aerosolized form starting at day 14 after vaccination, with a small increase by day 28 (Figure 2 , A and B). Administration of the second dose, on day 28, resulted in a strong increase in antibody levels by day 42. Compared with HPIV3/ EboGP vaccination, VRP induced lower levels of IgG and IgA on day 14. However, titers reached parity following the second dose.
Surface plasmon resonance (SPR) analysis of total EBOVbinding antibody (Supplemental Figure 1 , A and B; supplemental material available online with this article; doi:10.1172/ JCI81532DS1) revealed a robust response in HPIV3/EboGP-vaccinated animals after dose 1 (day 28), which slightly increased after dose 2 (day 56) to yield somewhat higher levels in aerosol recipients. Compared with HPIV3/EboGP recipients, VRP-vaccinated animals exhibited weaker EBOV antibody-binding profiles; 3-fold fewer EBOV-binding antibodies were generated after dose 1, but numbers rose after dose 2 so that they were marginally lower than levels in HPIV3/EboGP recipients. Antibody avidity was determined by analysis of antibody dissociation rates (off-rate), where a low value was indicative of higher avidity (Supplemental Figure  1C ). After dose 1, the dissociation rates of antibodies from aerosol and liquid HPIV3/EboGP-vaccinated animals were equal and lower than those of VRP-vaccinated animals, suggesting that higher TNF-α were 15-and 28-fold greater than in the blood and spleen, respectively. The mean percentages of lung CD4 + T cells secreting TNF-α were 12-and 14-fold greater than in blood and spleen, respectively. These data suggest the cell-mediated response occurs predominately in the respiratory tract, the site of HPIV3/ EboGP replication, with limited, but detectable, systemic spread of these virus-specific lymphocytes.
The activated CD8 + cells are almost equally divided between the CD103 + and CD103populations. CD103 is expressed at high levels by mucosal CD8 + T cells, specifically those associated with lung tissue, and is involved with their mucosal homing, cytotoxicity against respiratory epithelial cells, and retention as effector memory T cells (31) . We therefore compared distribution of the activated CD103 + CD8 + T cells and their CD103counterparts at 3 different sites. In lungs, the activated CD8 + cells were almost equally distributed as CD103 + and CD103populations ( Figure 6 ). Contrary to our expectations, the frequency of activated CD103populations in the blood and spleen was only marginally higher than that of the CD103 + CD8 + T cells ( Figure 6 ). These data suggest that the CD103 + fraction of activated CD8 + T cells may be active not only at mucosal sites but also in the periphery.
Respiratory vaccination induces a greater activation of CD8 + T cells in lungs than in blood and spleen. The majority of EBOVspecific lung-resident CD8 + T cells induced by HPIV3/EboGP were polyfunctional, i.e., positive for 2 or more of the 4 markers of activation (CD107a, IFN-γ, IL-2, and TNF-α). Cells expressing all 4 markers of activation were rare, observed mainly in recipients of the liquid form of HPIV3/EboGP ( Figure 6 ). IFN-γ + IL-2 + TNF-α + in the absence of CD107a dominated the triple-marker functional responses. The double-positive cell populations were generally characterized by cells producing IFN-γ in combination with TNF-α or IL-2. Small numbers of cells possessed an IL-2 + TNF-α + phenotype, while combinations with CD107a were only elicited by 2 animals, which received the liquid HPIV3/EboGP vaccine. There was no clear association between the polyfunctional response pattern in the lungs versus the spleen and blood. Moreover, the proportion of the polyfunctional response was generally lower in the blood and spleen, with the majority of cells positive for only a single marker of activation and varying trends among the respiratory vaccinees ( Figure 6 ). These data suggest that respiratory vaccination with HPIV3/EboGP not only induces a greater number of CD8 + T cells in lungs than in blood and spleen, but also results in a greater activation of lung CD8 + T cells.
Respiratory vaccination induces a greater activation of CD4 + T cells in lungs and spleen than in blood. HPIV3/EboGP-activated CD4 + T cells were analyzed for the production of any combination of IFN-γ, IL-4, IL-17, and TNF-α. At least 25% of cells in lungs with either forms of HPIV3/EboGP or the empty HPIV3 vector were analyzed by ELISA and virus neutralization assays. High titers of IgG and IgA were detected in aerosol and liquid HPIV3/ EboGP recipients after dose 1, and titers further increased following dose 2 ( Figure 4, A and B ). The mean neutralizing antibody titers in aerosolized and liquid recipients reached 1:9 and 1:23, respectively, after dose 1 and 1:112 and 1:47 after dose 2 ( Figure  4C ). Thus, aerosol vaccination induces robust mucosal antibody responses in the respiratory tract.
Respiratory vaccination induces a more robust T cell response in the lungs than in blood and spleen. Mononuclear cells derived from tissues of the lungs, blood, and spleen were stimulated with peptides spanning the entire EBOV GP, and CD8 + T cell subpopulations positive or negative for CD103, a marker highly expressed by mucosal CD8 + T lymphocytes, and CD4 + T cells, were analyzed for functional markers of activation by flow cytometry ( Figure 5 ). The magnitude of both the CD8 + and CD4 + T cell response induced by HPIV3/EboGP was dramatically greater in the lungs than in the blood or spleen. For example, in aerosolized HPIV3/EboGP recipients, the mean percentages of lung CD103 + CD8 + T cells secreting . This may be an indication of HPIV3/EboGP ability to produce a predominantly Th1 response against infection, while IL-4 expression in control animals may represent a background or inadequate response to peptide stimulation. Taken together, these data suggest that respiratory vaccination with HPIV3/EboGP induces the most potent CD4 + T cell response in lungs, followed by spleen, and a substantially lower response in the peripheral blood.
Vaccination induces Th17 cells mostly in spleen. The role of Th17 in protection against viral infections is not clear: while some studies demonstrated their role in protection (32, 33) , others suggested no role (34) or even enhancement of viral infection (35) . Development of Th17 cells was previously associated with pulmonary immune defense (36) or inflammation in chronic obstructive pulmonary disease and lung cancer (37) . Modest amounts of GPspecific CD4 + T cells positive for IL-17 were detected in spleens of some of the vaccinated animals irrespective of the vaccine type and were rare in the lungs and blood ( Figures 5 and 7) , with no IL-17-inclusive activation marker combinations dominant in any of the 3 sites. The majority of IL-17-positive cells from the spleen were monofunctional (Figure 7) . Only a few animals, specifically from the VRP group, yielded very low percentages of cells positive for IL-17 in combination with IFN-γ and IL-4 or IFN-γ only. While IL-17 + IFN-γ + cells correspond to the previously established Th17/ Th1 phenotype (38) , we are unaware of any previous identification of Th17 cells secreting IL-4. The protective role of Th17 cells induced by EBOV vaccines requires additional studies.
Delivery of HPIV3/EboGP in aerosolized form increases the T cell response in lungs. We next compared lung CD8 + and CD4 + T cell responses to liquid and aerosol administration of HPIV3/EboGP. Strikingly, IFN-γ + IL-2 + TNF-α + and IFN-γ + TNF-α + CD8 + T cells were above 0.1% in all 4 aerosolized HPIV3/EboGP recipients, but only in 2 out of 4 i.n./i.t.-vaccinated animals ( Figure 6 ). More aerosol recipients yielded higher percentages of lung CD8 + T cells bifunctional for IFN-γ + IL-2 + and CD103 + CD8 + T cells monofunctional for IFN-γ or TNF-α than seen in liquid vacinees. Interestingly, functional response combinations incorporating CD107a were mostly evident in some of the liquid HPIV3/EboGP vaccine recipients: their lung CD103 + or CD103 -CD8 + T cells were capable of CD107a mobilization. This trend was observed in the blood and spleen of these liquid recipients, though fewer CD103 + cells were mobilizing CD107a ( Figures 5 and 6 ). Lung CD103 -CD8 + T cells in aerosolized HPIV3/EboGP recipients expressed more TNF-α than those of the liquid recipients ( Figure 5D ) even though the total cell numbers were comparable between these groups ( Figure 5A ).
While the total amount of CD4 + T cells producing IFN-γ or TNF-α and the levels at which they express these cytokines were generally comparable between aerosol and liquid HPIV3/EboGP were positive for 2 markers of activation, namely TNF-α and IFN-γ ( Figure 7 ). Other 2-functional response combinations were not detected. A strong monofunctional response pattern was also observed, dominated by the expression of TNF-α, a smaller fraction of IFN-γ + cells, and the absence of IL-4 + cells. An analogous phenotypic pattern of activation markers was observed in the blood. However, bifunctional TNF-α + IFN-γ + cells were detected at a much lower frequency, suggesting either a lower activation of CD4 + T cells circulating in the blood or the retention of resident CD4 + T cells in the lung serving as protectors against respiratory infections ( Figure 7) . Interestingly, the number of activated CD4 + T cell populations was greater in the spleen than in the blood and mostly composed of either bifunctional TNF-α + IFN-γ + populations or monofunctional IFN-γ, TNF-α, or IL-17 CD4 + T cells. However, the frequency of these functional populations varied greatly among individual animals from each group (Figure 7) . Following peptide stimulation, the level of IL-4 expression was significantly less in CD4 + T cells isolated from the spleens of aerosol vaccinees compared with the control and VRP recipients ( Figure 5C recipients ( Figure 5 , A and D), the aerosol group had double the total number of lung CD4 + T cells expressing TNF-α ( Figure  5A ). Analysis of multifunctional CD4 + T cells demonstrated that bifunctional TNF-α + IFN-γ + and monofunctional TNF-α + cells in lungs were 2.1-and 2.9-fold, respectively, greater in the aerosol HPIV3/EboGP group than in the liquid vaccine group (Figure 7) . The greater activation of T cells in lungs by aerosolized HPIV3/ EboGP may be the consequence of more efficient delivery to the pulmonary bronchiole and more efficient activation of pulmonary antigen-presenting cells, such as CD103 + dendritic cells.
Vaccination with VRP induces T cells responses predominantly in spleen.
Comparison of HPIV3/EboGP and VRP demonstrated that in both lungs and blood, greater numbers and proportions of polyfunctional CD8 + and CD4 + T cell populations were induced in most of the HPIV3/EboGP vaccine recipients, while responses from VRP recipients were generally monofunctional and observed in only a few recipients ( Figures 6 and 7) . The frequency of the response in the VRP-vaccinated animals that did yield multifunctional T cells was somewhat comparable to that in the HPIV3/EboGP recipients (Figures 6 and 7) . The functional quality of CD8 + and CD4 + cells from VRP recipients was greater in the spleen, though no discernible pattern in functional marker combinations was observed among the animals ( Figure 6 ). All VRP-vaccinated animals, however, possessed CD103 + CD8 + T cells monofunctional for TNF-α. Bloodand spleen-isolated CD8 + T cells from VRP vaccine recipients exhibited greater response than those isolated from the lungs, with the majority being monofunctional.
Polyfunctional T cells secrete greater amounts of IFN-γ in lungs. We next compared the mean fluorescence intensity (MFI) of IFN-γ for CD8 + and CD4 + T cell populations expressing all IFN-γinclusive activation marker combinations. We found that IFN-γ expression by CD8 + T cells gradually increased as the number of functional markers increased, with higher MFI detected in popu- Figure 8A) . Interestingly, CD8 + T cells positive for all 4 markers of activation from the aerosol and liquid HPIV3/EboGP groups produced comparable IFN-γ MFI ( Figure 8A ) despite the scarcity of these cells in the aerosol group ( Figure 6 ). CD8 + T cells from the lungs, blood, and spleen yielded comparable IFN-γ MFI ( Figure 8A ) despite higher percentages of IFN-γ-positive cells found in the lungs ( Figure 5 ). Similar to the IFN-γ expression trend observed in CD8 + T cells, greater IFN-γ MFI were detected in triple-marker CD4 + T cell populations positive for IFN-γ, TNF-α, and either IL-4 or IL-17 ( Figure 8B ) despite their rarity (Figure 7) . A high IFN-γ MFI was observed in CD4 + T cells coexpressing IFN-γ and TNF-α from the lungs, blood and spleen, while monofunctional cells yielded high IFN-γ MFI only in the lungs of HPV3/EboGP recipients. Taken together, these data suggest that a greater level of activation of cells is accompanied not only by simultaneous secretion of multiple cytokines, but also by the greater level of secretion of IFN-γ by polyfunctional T cells. These data also suggest that respiratory delivery of HPIV3/EboGP induces highly activated T cells in lungs.
Study 2
Protective efficacy of aerosol vaccination. In the second study ( Figure 1B) , we evaluated protection conferred by aerosolized HPIV3/EboGP administered to rhesus macaques. Due to the high EBOV-neutralizing antibody response induced after the first aerosolized dose ( Figure 3A) , we included a single-dose group in addition to a 2-dose group. The control groups included animals vaccinated with 2 doses of HPIV3/EboGP delivered to the respiratory tract as a liquid, which were expected to be protected (21) , and animals vaccinated with an empty vector. Fol- EBOV-specific mucosal IgG ( Figure 9D ) and IgA ( Figure 9E ) were induced after dose 1 (day 21) and marginally increased after dose 2 (day 44), resulting in higher levels in the 2-dose groups compared with the 1-dose aerosol group. In 2-dose groups, mucosal EBOV-neutralizing antibodies were detected after the first dose and were not further augmented by a second dose ( Figure 9F ). However, in the single-dose aerosol group, mucosal-neutralizing antibodies were detected in only 1 out of the 4 animals despite a robust serum-neutralizing response. This may be explained by inefficient BAL collection or titers below the limit of detection due to the margin between vaccination and BAL collection being 5 fewer days than for animals that received their first inoculation of a 2-dose vaccine regime.
A single dose of aerosolized EBOV/EboGP protects rhesus macaques against EBOV infection. After EBOV infection, the 2 control HPIV3 vector-vaccinated animals demonstrated increased clinical sickness scores. They also demonstrated sharp increases in serum alanine aminotransferase and bilirubin, markers of liver disease, creatinine, marker of kidney disease, and blood urea nitrogen, marker of liver and kidney disease ( Figure 10A ); all 4 are typically increased during EBOV infections (reviewed in ref. 39 ). On days 8 and 9 after infection, the animals became moribund and were euthanized ( Figure 10B ). In contrast, these markers were normal in all HPIV3/EboGP recipients, with the exception of a small transient increase of alanine aminotransferase in 1 recipient of the single aerosol dose on day 10 ( Figure 10A ). The clinical scores and body temperatures were also normal, with the exception of a small transient increase in an animal vaccinated with 2 doses of aerosolized HPIV3/EboGP, 3 animals vaccinated with 1 dose lowing vaccinations, BAL and serum were periodically collected for analysis of mucosal and systemic antibody responses, respectively. On day 55 (27 days after the second or single vaccination with aerosolized HPIV3/EboGP), the animals were exposed to 1,000 PFU of EBOV delivered by the i.m. route. Following exposure, blood samples were collected every 2 days after infection to analyze viremia and blood chemistry.
Antibody responses to aerosol vaccination. Prior to infection, the 2-dosing schedule of HPIV3/EboGP (aerosol or liquid) resulted in the induction of serum and EBOV-specific mucosal IgG, IgA, and neutralizing titers ( Figure 9 ) in accordance with the humoral response observed in vaccinated rhesus macaques from study 1 (Figure 2 ). EBOV-specific serum IgG were detected on day 14 after HPIV3/EboGP vaccination ( Figure 9A) , and levels increased by day 28. After the second dose, antibody levels further increased and plateaued by day 51, the last time point analyzed. IgG levels were similar in animals vaccinated with liquid and aerosolized HPIV3/EboGP. EBOV-specific serum IgA ( Figure 9B ) was induced with a kinetic pattern similar to that of IgG. The kinetics of IgG and IgA induction were similar between animals administered only a single aerosol HPIV3/EboGP dose and those that received the initial dose of the 2-dose regime. However, at the time of infection, the levels of IgG and IgA in the single-dose group were somewhat lower than in the 2-dose groups. As in study 1 ( Figure 3A) , high levels of serum EBOV-neutralizing antibodies were detected 28 days after the first dose of HPIV3/EboGP, delivered in either form, which did not increase further following a second dose ( Figure  9C ). Equal levels of EBOV-neutralizing antibodies were therefore achieved in all groups, including the single-dose aerosol group, at the time of infection. and splenic lymphoid depletion (Supplemental Figure 2) . Taken together, these data suggest that a single administration of aerosolized HPIV3/EboGP completely protects animals against death and severe disease caused by a uniformly lethal dose of EBOV administered by the i.m. route.
Discussion
In this study, we demonstrate the feasibility of aerosolized delivery of our HPIV3/EboGP vaccine against EBOV in rhesus macaques, which is a practical and noninvasive mode of delivery to the lower respiratory tract. A single dose of aerosolized vaccine achieved uniform protection against lethal infection. Moreover, this study demonstrates, for what we believe is the first time, successful aerosol vaccination against a viral hemorrhagic fever. A singledose aerosol vaccine would be easily implemented to enable both prevention and containment of EBOV infections in a natural outbreak setting where healthcare infrastructure is deficient or during bioterrorism and biological warfare scenarios. tested the ability of these antibodies raised against GP of EBOV (isolate Mayinga), which belongs to the species Zaire ebolavirus, to cross-neutralize 2 major heterologous species of ebolavirus, BDBV and SUDV, whose respective GP amino acid sequences have 66% and 56% similarity to EBOV. Unexpectedly, we detected crossneutralizing antibodies in some animals vaccinated with either vaccine after dose 1 and in most animals after dose 2 with markedly greater neutralization by antibodies from VRP-vaccinated animals. The greater antibody neutralization of BDBV and SUDV by the VRP vaccine recipients in spite of the reduced neutralization of EBOV when compared with aerosolized HPIV3/EboGP recipients may be attributed to B cell class switching, whose inhibition can skew antibody repertoire away from high-affinity variant epitopes and improve heterotypic protection (40) . It is possible that lung B cells are strongly stimulated by HPIV3/EboGP to effectively induce class switching, resulting in a highly potent but narrower antibody response compared with that seen with VRP. Surprisingly, after dose 1, a greater number of animals from all vaccine
To date, studies on cellular immune responses to respiratory viral infections or vaccinations have focused on T cells in circulation, in the BAL fluid, or from small animal models, which can greatly misrepresent the immune dynamics in the respiratory tract. The present study represents what we believe to be the first analysis of the lung-resident T cell response to a respiratory tract vaccine in NHPs. Respiratory vaccination of rhesus macaques with HPIV3/EboGP in either aerosol or liquid form resulted in an induction of EBOV-specific systemic IgG and IgA, which were markedly boosted by the second dose. Remarkably, the high levels of EBOV-neutralizing antibodies generated after the first dose of aerosol and liquid HPIV3/EboGP were comparable and were not further augmented by a second dose, suggesting the possibility of protection by a single liquid vaccine dose. The first dose of HPIV3/EboGP generated greater levels of EBOV-specific antibodies, which possessed better neutralizing and avidity properties than VRP-derived antibodies. After the second dose, the systemic humoral response was comparable between the 2 vaccines. We The present data demonstrated that HPIV3/EboGP (but not VRP) induces vigorous polyfunctional lung-resident CD8 + and CD4 + T cell responses, which are likely to further enhance mucosal antibody-mediated protection against respiratory tract infection. Following respiratory vaccination with HPIV3/EboGP, the cellular response in lungs, especially from CD8 + T cells, was greater than that in their counterparts in blood and spleen. Greater IFN-γ amounts expressed by these cells indicate they are functionally potent, producing multiple effectors in greater quantities (41) . Activated lung-resident CD8 + T cells were predominantly secreting IFN-γ, IL-2, and TNF-α simultaneously, which is indicative of the greatest ability to kill virus-infected cells (42) . The activated lung CD4 + T cells had mostly an IFN-γ + TNF-α + or TNF-α + phenotype. Aerosol HPIV3/EboGP delivery further enhanced the levels of activated lung CD4 + T cells compared with i.n./i.t. delivery. This may be due to a more effective distribution of the vaccine to pulmonary antigen-presenting cells housed in the bronchiole. CD103, preferentially expressed by mucosal CD8 + T cells, mediates mucosal tissue tropism and promotes cytolysis through groups possessed antibodies that were better neutralizers of SUDV than BDBV despite greater overall amino acid similarity between the GP of EBOV and BDBV. This phenomenon may be explained by the presence of certain amino acids in putative protective epitopes of GP, which are conserved between SUDV and EBOV, but not BDBV. For example, amino acids Ser90, Pro116, Gly149, and Asp150, present in the highly conserved receptor-binding domain of GP from EBOV and SUDV, were nonconservatively replaced with Ala, Ala, Glu, and Gly, respectively, in BDBV.
EBOV-specific mucosal IgG, IgA, and neutralizing antibody responses were effectively induced by the first dose of HPIV3/ EboGP and markedly boosted by a second dose, resulting in equal levels of antibodies between aerosol and liquid recipients. Given that EBOV is infectious in an aerosolized form (4) or as droplets of respiratory secretions (5) and that its infection route typically involves the mucosa (6, 7, 39) , the induction of mucosal antibody responses observed after aerosol vaccination is likely to be an important contribution to the first line of defense against mucosal or respiratory exposure. effectively attracting antigen-presenting cells such as dendritic cells to the site of the vaccine virus replication to result in effective triggering of the adaptive immune response. Depending on the type of vaccine, both antibodies (23) and CD8 + T lymphocytes (24) may mediate protection against EBOV exposure. In addition, an emerging body of evidence suggests that CD4 + T cells may also play a role in protection against viral infections due to their direct cytotoxic effect (51) . Both the vaccines used in the present study induced systemic EBOV-neutralizing antibody responses, suggesting their role in protection. Moreover, HPIV3/EboGP induced EBOV-specific mucosal antibodies and a prolific CD8 + and CD4 + T lymphocyte response in the lungs. These data indicate that in the case of infection through the i.m. route, protection by both vaccines is likely mediated by antibodies. However, in the case of respiratory mucosal infection, HPIV3/EboGP may induce protection through the induction of both antibodyand cell-mediated responses in the respiratory tract. Furthermore, lung-resident CD4 + T cells are likely to facilitate the induction of systemic antibody responses and therefore indirectly contribute to protection against i.m. exposure. While lung-resident CD4 + T cells cannot be easily quantified in clinical trials, the level of EBOV-neutralizing serum antibody responses is likely to be the best correlate of protection against i.m. exposure.
The demonstration of safety, immunogenicity, and protective efficacy of HPIV3/EboGP in NHPs provides the basis for advancing this experimental vaccine to a phase I clinical study. A clinical study lot of HPIV3/EboGP has been manufactured under the FDA's current good manufacturing practices guidelines using standard cell culture that yields satisfactory titers (above 10 7 PFU/ml) without concentration. Pending regulatory approval through an FDA investigative new drug application, the aerosolized form will be evaluated for replication, safety, and immunogenicity in a dose-escalation study in adults in an inpatient setting. The manufacturer of vaccine for larger studies would be under large-scale optimized growth and purification conditions. Methods NHP study 1. A cohort of juvenile male and female rhesus macaques (Macaca mulatta; New England Primate Research Center and NIAID Morgan Island Colony, Charles River Laboratories) were used in the vaccination study. On day 0, a group (n = 4) was inoculated via the respiratory tract with 2 ml of HPIV3/EboGP at 10 8.3 PFU/ml ( Figure  1A ) aerosolized using the Aeroneb Lab nebulizer with a small volume nebulizer unit (Aerogen) that generates particles with a median diameter of 2.5 μM. The nebulizer unit, affixed to a small-sized mask (Rusch) held over the anesthetized animal's nose and mouth, was activated to administer the entire inoculum. Another group (n = 4) received 2 ml of the vaccine at 10 7.3 PFU/ml delivered as a liquid via the combined i.n./i.t. route (0.5 ml per nostril and 1 ml i.t.). The VRP vaccine (10 10 PFU, 1 ml) was administered to rhesus macaques (n = 4) by i.m. injection. The control group (n = 2) received 2 ml of the HPIV3 empty vector at 10 7.3 PFU/ml via the i.n./i.t. route. On day 28, all animals received a second dose of their respective vaccines. Serum and BAL were sampled over the course of the study. On day 56, animals were euthanized and mononuclear cells were extracted from the lungs, blood, and spleen. specific interaction with the E-cadherin ligand on epithelial cells, which triggers lytic granule polarization and exocytosis (31) . Respiratory tract CD8 + T cells, but not peripheral blood counterparts with the same antigenic specificity, are highly positive for CD103 and have the effector memory phenotype (43) . In human BAL, a much greater fraction of CD8 + and CD4 + T cells expresses CD103, as compared with that in the peripheral blood (31) . Analysis of CD8 + T cells demonstrated almost equivalent activation levels among CD103 + and CD103subpopulations in the lungs, suggesting that, besides the strong mucosal cell-mediated CD8 + T cell response, respiratory vaccination resulted in the induction of CD103 -CD8 + T cells.
CD107a is a marker of CD8 + T cell degranulation that relocates to the plasma membrane from lytic granules also containing granzyme and perforin (44) to mediate cytolytic activity in an antigen-specific manner (45) . Accumulation of CD107a at the cell surface is temporarily linked to downregulation of the lymph node homing marker CD62L, indicating a CD8 + T cell's transition from a central to an effector memory cell (44) . Overall, the level of CD8 + T cell degranulation was low in HPIV3/EboGP vacinees. Mobilizing CD107a populations were also positive for IFN-γ with or without IL-2 and/or TNF-α. As a control measure against damage to the mucosa, lung T cells, in particular CD103 + CD8 + T cells, have a lower cytotoxic potential and a higher expression of CD94/NKG2A, an inhibitory natural killer receptor complex, in comparison with their CD103counterparts, but are able to upregulate their effector capacity upon exposure to a specific antigen (46) . This may explain why we generally observed lower levels of CD107a in the CD103 + populations as compared with CD103 -T cells. The low expression of CD107a might also be explained by the transient nature of its expression on the surface of the cell, which is followed by its internalization (45) .
Studies on experimental filovirus vaccines to date have failed to directly compare the performance of different vaccine platforms, instead relying on published results generated under different conditions to draw comparisons (47) . This study provides a side-by-side evaluation of antibody-and cell-mediated responses to 2 very different vaccines: a recombinant paramyxovirus vector administered to the respiratory tract and VRP, administered via the i.m. route. HPIV3/EboGP elicited greater levels of activated CD8 + and CD4 + T cells in lungs and blood, while in the spleen, levels were comparable between the 2 vaccines. Replication of the HPIV3/EboGP vaccine construct in the lungs of guinea pigs is attenuated by 63-to 200-fold compared with the wild-type vector (19, 20) , while the level of attenuation in NHPs is unknown. HPIV3/EboGP, whose replication is confined to the respiratory tract (18) (19) (20) , likely stimulates antigenpresenting cells and induces T cell responses in bronchus-associated lymphoid tissues, as was demonstrated with influenza A virus in mice lacking spleens (48, 49) . This results in the retention of the majority of activated T cells in lungs, while some enter systemic circulation and the spleen. In contrast, following the i.m. inoculation of VRP, human dendritic cells are effectively transduced (50) and enter the systemic lymphatic system to activate virus-specific T cells in the spleen and lymph nodes. The overall greater immune response to HPIV3/EboGP is likely related to the fact that, despite its attenuation, it is still capable of jci. Recombinant EBOV (Mayinga isolate) expressing enhanced GFP (eGFP) (52) (provided by J. Towner and S. Nichol, CDC, Atlanta, Georgia, USA), SUDV variant Gulu (isolate 808892), or BDBV (isolate 811250) stocks for plaque-reduction neutralization assays were generated in Vero-E6 cells and quantified by plaque titrations; 10-fold serially diluted samples were absorbed onto Vero-E6 cells for 1 hour at 37°C and replaced with MEM overlay containing 2% FBS and 0.9% methylcellulose (Sigma-Aldrich). On days 3 to 4, monolayers were fixed with formalin and plaques were visualized under a UV microscope in the case of EBOV-eGFP or immunostained. Briefly, plates were blocked with PBS containing 5% nonfat dry milk for 1 hour at 37°C, followed by the addition of mouse polyclonal antibodies specific for EBOV generated by s.c. inoculation with mouse-adapted EBOV (Mayinga isolate) (provided by Thomas Ksiazek, University of Texas Medical Branch) diluted 1:1,000 in blocking buffer. Bound antibody was detected using secondary goat anti-mouse HRP conjugate (1:2,000 dilution, KPL; 074-1806) and the 4CN Peroxidase Colorimetric Substrate System (KPL). For plaque-reduction neutralization assays, 2-fold serial dilutions of heat-inactivated serum or concentrated BAL at an initial dilution of 1:10 and 1:5, respectively, were prepared in MEM supplemented with guinea pig complement and incubated with virus for 1 hour at 37°C at a final concentration of 100 PFU and 5% complement. Virus-serum mixtures then were absorbed onto Vero-E6 monolayers for 1 hour at 37°C and replaced with MEM overlay. Plaques were detected as described above. Neutralization titer was determined with an end point of 60% plaque reduction.
NHP study 2. To determine the protective efficacy of the aerosolized HPIV3/EboGP vaccine, a new cohort of juvenile male and female rhesus macaques (NIAID Morgan Island Colony, Charles River Laboratories) were vaccinated as per study 1 protocol, with the exception that those in one group (n = 4) received only 1 aerosol dose on day 28, 2 rhesus macaques were vaccinated with the liquid form of HPIV3/EboGP, and no animals were vaccinated with the VRP vaccine ( Figure 1B) . On day 55, all animals were injected by the i.m. route with 1,000 PFU of EBOV (Kikwit, 7U variant; GenBank KC242796.1). Over the course of the study, peripheral blood markers of EBOV disease, measured by VetScan, viremia and viral RNA in serum, and serum and mucosal IgG, IgA, and neutralizing titers were assessed. Animals were monitored for clinical signs of illness and scored 0-9 for each category: dyspnea, depression, recumbency, and rash/hemorrhage. A score of 0-3 required no intervention, while a score of 9 required euthanasia as per IACUC protocol. Surviving animals were euthanized 28 days after infection. Organs were assessed for EBOV antigens and lesions by immunohistochemistry and histopathology, respectively.
Isolation of mononuclear cells. Lungs and spleens were transported in media (RPMI 1640 containing 2 mM l-glutamine, 25 mM HEPES, 100 U/ml penicillin, 100 μg/ml streptomycin, and 10% FBS), weighed, and cut into small 1-to 2-mm cubes for enzymatic digestion in media containing 300 U collagenase type I (Invitrogen) and 100 U type IV bovine pancreatic DNase I (Calbiochem) at 37°C for 90 minutes with gentle shaking. The digest was stopped using 0.01 M EDTA, pH 7.0, filtered through a 250-μM nylon mesh, followed by a 100-μM mesh (BD) to remove particulate matter and washed with an equal volume of cold HBSS. Cells were resuspended in low-density Percoll (P = 1.03 g/ml; GE Healthcare), placed on a high-density Percoll cushion (P = 1.075 g/ml), and centrifuged at 400 g for 20 minutes at 20°C. Cells at the Percoll interface were aspirated and washed twice with HBSS containing 2% FBS. Cells were cryopreserved in 90% FBS containing 10% DMSO until analysis by flow cytometry. Blood was diluted at a 1:1 ratio with PBS, layered onto Ficoll-Paque PLUS (GE Healthcare), and centrifuged at 400 g at 20°C for 30 minutes. Cells at the medium-Ficoll interface were processed under the same conditions as those using the Percoll protocol.
FACS analysis. The frequency of CD3 + T lymphocytes (CD8, CD8 subsets either positive or negative for CD103, and CD4) and their respective markers of activation (CD8 + : IFN-γ, TNF-α, IL-2, and CD107a; CD4 + : IFN-γ, TNF-α, IL-4, IL-17a) were determined by multiparametric flow cytometry using the following: CD3 Pacific blue (clone SP34-2), CD8 Alexa Fluor 700 (clone RPA-T8), CD4 Alexa Fluor 700 (RPA-T4), CD107a-phycoerythrin (CD107a-PE) (clone H4A3), CD103-FITC (clone HML-1), IL-2-allophycocyanin (IL-2-APC) (clone MQ1-17H12), IL-4-Alexa Fluor 488 (clone 8D4-8), IFN-γ-peridinin chlorophyll (IFN-γ-PerCP) 5.5 (clone 4S.B3), TNF-α PE-cyanine 7 (Cy7) (clone MAb11), and IL-17a PE (clone SCPL1362) (all reagents were obtained from BD Biosciences with the exception of CD103-FITC from Beckman Coulter). Briefly, frozen cells were rested overnight at 2 × 10 6 cells/ml in culture medium (RPMI containing 25 mM HEPES, 100 U/ml penicillin, 100 U/ ml streptomycin, 2 mM l-glutamine and 10% FBS). One million cells were stimulated for 6 hours in culture medium with 10 μg/ml Brefeldin A (Sigma-Aldrich), 0.7 μl/ml GolgiStop (BD Biosciences), 1 μg/ml anti-CD28 (BD Biosciences), 1 μg/ml anti-CD49d (BD Bio-Address correspondence to: Alexander Bukreyev, Departments of Pathology and Microbiology and Immunology, Galveston National Laboratory, Keiller Building, Room 3.145, University of Texas Medical Branch, 301 University Boulevard, Galveston, Texas 77555-0609, USA. Phone: 409.772.2829; E-mail: alexander.bukreyev@utmb.edu.
Steady-state equilibrium and off-rate binding of sera were analyzed by SPR using the Biacore T100. Inactivated sucrose gradientpurified EBOV particles were immobilized at 5,000 RU on a CM5 sensor chip (GE Healthcare) by amine coupling. Serum, diluted 10-fold in 1× HBS-P + buffer (GE Healthcare) and 10% NSB Reducer (GE Healthcare), was injected sequentially at a flow rate of 30 μl/min. Association and dissociation were performed over 600-second intervals. Antibody off-rates describing the stability of the complex that decays per second were determined from serum sample interaction with the particle, as described above, with the exception that contact time for association was 120 seconds. Rates were calculated using the Biacore software dissociation model. Dissociation rates were independent of total EBOV-antibody binding as determined by injecting both 10-and 100-fold dilutions of serum.
Viremia and viral RNA in blood. Viremia in serum was determined by plaque titrations as described above. EBOV genomic RNA in serum was measured by real-time TaqMan quantitative RT-PCR. RNA was extracted with the QIAamp Viral RNA Extraction Kit (QIAGEN) using Buffer AVL (QIAGEN) at a serum to buffer volume ratio of 1:6. First-strand cDNA synthesis was performed with a sense-strand, nucleoprotein gene-specific primer and Superscript III Reverse Transcriptase (Invitrogen). Real-time RT-PCR was performed with the ABI 7900HT system, and primers and probes specific for the nucleoprotein gene were conserved among EBOV (GenBank NC002549): forward TTTTCAAGAGAGTGCGGA-CAGTT, reverse CTCCCTGGTACGCATGATGA; probe CCTTCT-CATGCTTTGTC-FAM (Invitrogen). Absolute quantification was achieved using a standard curve generated by serial dilution of a virus stock template with known PFU/ml to produce relative PFU values for serum samples.
Histopathology and immunohistochemistry. Tissues fixed in neutral buffered formalin and embedded in paraffin were cut into 5-μm sections and mounted onto slides for immunohistochemistry or H&E staining. For immunohistochemistry, antigen was retrieved with 10 mM sodium citrate, pH 6.0, for 20 minutes at 98°C followed by cooling for 20 minutes at room temperature. Slides were then treated with 3% hydrogen peroxide for 10 minutes and rinsed in running deionized water for 10 minutes. Sections were blocked using the Avidin/Biotin Blocking Kit (Invitrogen) and washed in TBS (Thermo Scientific). An EBOV-specific mouse-polyclonal antibody (provided by Thomas Ksiazek) diluted 1:1,600 in Dako antibody diluent was applied for 1 hour, then washed with TBS. Bound antibody was detected with bioti-
